Micromorphological and anatomical investigations of trichomes on vegetative and generative organs of the drug eyebright (Euphrasia stricta D. Wolff ex J.F. Lehm.) were carried out. Additionally, identification of the main components of the secreted products was conducted. The following types of glandular structures were found: capitate trichomes (i) with a unicellular head, a neck cell, and a 2-celled stalk, (ii) with a unicellular head, a neck cell, and 3-celled stalk, (iii) with a bicellular head and sporadically with a 3-or 4-celled head; moreover, on the surface of corolla unicellular and 2-3-celled clavate trichomes, ribbon-like trichomes, and papillae were present. Using fluorescence microscopy and histochemical tests, various substances such as lipids, phenolic compounds, terpenes containing steroids, terpenoids, sesquiterpenes, tannins, and flavonoids were determined but only in the capitate trichomes. The analysis of the essential oil showed that its content in the dry herb of E. stricta was on average 0.257%. Gas chromatography revealed the presence of 28 compounds.
INTRODUCTION
The genus Euphrasia L., previously belonging to the family Scrophulariaceae, is now classified as Orobanchaceae due to its semiparasitic biological features [Szafer et al. 1986 , Stevens 2001 . The genus has been described to comprise 450 species distributed in Asia, Europe, the northern part of America, Indonesian mountains, New Zealand, and the southern part of South America. In Polish flora, only ten species occur in natural localities such as dry meadows and grassy slopes [Fisher 2004 , Mabberley 2008 , Posz 2014 . Recently, many eyebright species have been reported to be threatened with extinction, which is a consequence of dramatic landscape changes associated with urbanization and modernization of farming in Europe leading to fragmentation of natural plant habitats [Kolseth et al. 2005, Schmalholtz and Kiviniemi 2007] .
The Euphrasia stricta is an annual plant growing up to 30 cm. The species possesses an erect, highly branched, and finely haired stem. Its ovate leathery leaves with sharp-pointed teeth on the blade edges have an opposite arrangement. The hermaphrodite zygomorphic white or light purple flowers are located on the apical parts of shoots. The corolla is bilabiate, i.e. the lower part consists of 3 fused petals, whereas the upper lip is formed of 2. On the surface of lower lip, there are 3 purple stripes on each petal. A yellow spot is visible in the central part of the middle corolla petal. Each lobe of the upper lip bears purple stripes. Yellow colouration is visible in the entry of the corolla tube. The flowers possess a pistil with a small green ovary, a long stamen, and a hairy stigma. Four stamens, which are characterised by unequal filaments, are fused with the upper lip. Their anthers equipped with sharp-tipped appendages are also fused. The species is adapted to pollination by small insects. Moreover, the flower is wrapped up by a cylindrical calyx with four sharp teeth. The fruit is a capsule [Weryszko-Chmielewska et al. 2010, Haratym and Weryszko-Chmielewska 2013] .
Since Euphrasia has been confirmed as an ideal natural remedy for eye problems by the manycenturies long tradition, it is called "eyes of the Mother of God" [Posz 2014 ]. The eyebright has been widely used in folk medicine, phytomedicine, and homeopathy for many centuries. The raw material is the eyebright herb (Herba Euphrasiae), commonly known as eyebright grass, consisting of stems, leaves, and flowers collected before fruit formation [Kozłowski 1992] . Given the variety of biological active substances such as essential oil, iridoid glycosides, flavonoids, phenolic compounds, and tannins, the eyebright exhibits a wide spectrum of therapeutic activities including antibiotic, antifungal, antihyperglycemic, anti-inflammatory, antioxidant, antitumor, antiviral, astringent, hepatoprotector, and hypotensive properties [Porchezhian et al. 2000 , Trovato et al. 2000 , Gorji 2003 , Ríos and Recio 2005 , Blazics and Kéry 2007 . Aqueous tinctures of the eyebright are used for the treatment of eye disorders, e.g. cataract, conjunctivitis, glaucoma, hordeolum, and ocular allergy symptoms [Sharma and Singh 2002 , Bielory and Heimall 2003 , Petrichenko et al. 2006 . Furthermore, the tinctures found applications in treatment of diseases of the upper respiratory tract and the gastrointestinal tract [Shestakova et al. 2008 , Dimitrova et al. 2013 . In homeopathy preparations, aqueous and alcohol extracts of Euphrasia are used in patients suffering from corneal ulceration, sharp pain in eyes, and spastic phobia [Petrichenko et al. 2006] .
Although there are numerous studies of the medicinal properties of different species of the Euphrasia genus, the structure of secretory tissue has been scarcely investigated. The results of our previous microscopic analyses of Euphrasia stricta trichomes revealed 10 different types on the flower surface and 2 more types on the leaf and stem [Weryszko--Chmielewska et al. 2010, Haratym and Weryszko--Chmielewska 2013] . This paper reports our further research, which are a continuation of previous analyses. Anatomical and histochemical investigations of various trichomes of the drug eyebright were performed with the use of light, fluorescence and scanning microscopy. Histochemical tests were carried out to evaluate the main classes of chemical compounds occurring in the cells of the trichomes and their secretions. The aim of the present study was also to provide data about the composition of the secreted material of glandular trichomes of the drug eyebright.
MATERIAL AND METHODS
Plant material. The research material comprised flowering shoots of the drug eyebright (Euphrasia stricta D. Wolff ex J.F. Lehm.). Plants were collected from their natural habitats on xerothermic grasslands in Czechow district, Lublin (51°15'N, 22°30'E), Poland, between late July and mid-September 2010-2015. For the investigations, vegetative leaves were harvested from the third and fourth nodes of the plant. Flowers were sampled from the apical parts of shoots in the initial bloom stage, full bloom stage, and the end of the flowering period. Fragments of stems were cut from the middle part of the 3 rd and 4 th internodes.
Microscopy. Trichomes were observed on aboveground organs such as stems, leaves, and flowers using light (LM), fluorescence (FM), and scanning electron microscopy (SEM).
Stereoscopic microscope (SM). Preliminary analyses were performed using a stereoscopic microscope coupled with a Nikon Coolpix 4500 camera.
Fixation of the plant material and light microscopy (LM). To obtain permanent preparations, small leaves and flowers (≤15 mm 2 ) were fixed without further sectioning, whereas cross-sections (5-7 mm wide) were cut across the centres of larger leaf laminas containing a midrib. The plant material was placed in 2.5% glutaraldehyde/4% formaldehyde in phosphate buffer (pH 7.4) for 2 hours at ambient temperature. After preservation, small fragments (5 mm 2 ) were prepared. Subsequently, they were washed tree times in phosphate buffer and dehydrated in alcohol series (30, 50, 70, 90, 96%) . Afterwards, they were immersed in anhydrous ethanol twice for 30 min. This was followed by progressive embedding in LR White resin (Sigma Aldrich) and polymerization at 60°C for 36 hours. Next, the material was cut into semi-thin sections (0.7 µm thick) with a Leica EM UC7 ultramicrotome, mounted on glass slides by gentle heating at 60°C on a slide warmer, and stained with a 1% aqueous methylene blue -Azure B solution. Observation and photos were made using a Nikon Eclipse 400 light microscope.
Scanning electron microscope (SEM). Aboveground segments (5 mm × 5 mm) of flowers (sepals and petals), leaves, and stems were prepared for SEM examination. They were fixed in a 4% glutaraldehyde solution in 0,1 M phosphate buffer (pH 7.0) for 12 hours at room temperature. Subsequently, the plant material was washed in the same buffer four times at 20-minute intervals and after that dehydrated in ethanol series (30, 50, 70, 90 and 95%) , which was followed by application of absolute alcohol three times. Afterwards, the samples were transferred to acetone. After critical drying in liquid CO 2 using BalTec CPD 030, the samples were mounted on a double-sided carbon tape on stubs and coated with 10-µm gold using a Polaron SC 7640 sputter coater. The surface of stems, leaves, and flowers was examined and imaged under a TESCAN/VEGA LMU scanning electron microscope at an accelerating voltage of 30 kV.
Histochemical tests and fluorescence microscopy (FM). The main classes of metabolites in the secreted material were investigated in fresh sections using histochemical tests. The fragments of leaves and flowers were soaked in Sudan III, Sudan IV, and Sudan Red solutions for 10 min. These reagents are universal indicators of lipid compounds [Johansen 1940 , Lison 1960 , Brundrett et al. 1991 . Some parts were soaked for 2 min in Neutral Red, which facilitated identification of lipids and essential oils [Kirk 1970 , Clark 1981 . Other fragments were embedded for 1 min in Nile Blue, which is used to examine neutral and acidic lipids [Jensen 1962 ]. Moreover, the plant fragments were treated with Ruthenium Red for 5 min to determine polysaccharides other than cellulose [Johansen 1940 ], 1% potassium dichromate for 10 min to detect tannins, and 2% ferric trichloride for 10 min to identify phenolic compounds [Johansen 1940 , Soloway and Wilen 1952 , Gabe 1968 . Furthermore, a reaction with concentrated sulphuric acid was performed to detect sesquiterpenes [Cappelletti et al. 1986 ]. After every reaction, the plant material was washed in distilled water and mounted in a 50% aqueous solution of glycerol. The stained sections were observed and photographed with a Nikon Eclipse 400 light microscope. All stains were matched with controls. For the fluorescence microscopy investigation, fresh material was treated with 10% aluminium trichloride and 10% magnesium acetate for flavonoids [Charrière-Ladreix 1976] , vanillin-HCl for terpenoids [Nikolakaki and Christodoulakis 2004] , and 1% antimony trichloride for terpenes containing steroids [Mace et al. 1974] .
Oil isolation. Essential oils from Euphrasia stricta were obtained from dry herb. Twenty grams of powdered aboveground organs of the drug eyebright were submitted to water -distillation in a Clevenger type apparatus with 400 mL water for 30 min according to the Polish Pharmacopoeia VII [2006] . The essential oil yields were measured. Subsequently, the essential oils obtained were dried over anhydrous sodium sulphate and stored at 4°C until gas chromatographic determination of their composition.
Gas chromatography-mass spectrometry (GC--MS). The analysis of the essential oils was performed using the GC-MS instrument ITMS Varian 4000 GC-MS/MS (Varian, USA) equipped with a CP-8410 auto-injector and a 30 m × 0.25 mm i.d. VF-5ms column (Varian, USA). A mass selective detector was operated in an electron impact mode with ionization energy of 70 eV and a mass range from 40 to 1000 Da. The scan time was 0.80 s. The split ratio was 1 : 100 and the volume of injection was 1 µL. The column temperature was initially kept at 50°C, then gradually increased to 250°C at a 4°C/min rate, and kept at this temperature for 10 min. The injection temperature was 250°C. Helium was used at a flow rate of 0.5 mL/min as carrier gas.
Gas chromatography-flame ionization detection (GC-FID). In our analysis, also a Varian 3800 Series (Varian, USA) instrument with a DB-5 column (J&W, USA), operated under the same condition as GC-MS, was used.
The components were identified based on the comparison of their Kovats retention indices relative to n-alkanes series and mass spectra with those of authentic samples, National Institute of Standards and Technology (NIST), and with data available in the literature [Van Den Dool and Kratz 1963 , Adams 2001 , Mass Spectral Library 2008 .
RESULTS

Morphology and distribution of trichomes.
Fresh samples of aboveground organs such as calyces, corollas, leaves, and stems of Euphrasia stricta exhibited various trichomes on all their surfaces.
Non-glandular trichomes. Euphrasia stricta bears four types of non-glandular trichomes. The first type comprised single, uniseriate, built of two or three cells, pointed, curved downward structures. They covered the surface of the stem. Finely striated ornamentation was observed on their surface ( fig. 1a) . The second type of non-glandular trichomes was long 1-or 2-celled hairs located especially on the abaxial surface of the upper lip ( fig. 1b) . Moreover, long 2-celled trichomes with visible wall ornamentation were found on the stamens and both corolla surfaces. The abaxial surface of the sepals was covered by unicellular, hook-shaped, short trichomes which sharp ends pointed towards the apex of the calyx (figs 1c, d).
Glandular trichomes. The following types of glandular trichomes were distinguished: I -capitate trichomes; this group comprised: (i) capitate trichomes with a unicellular head, a neck cell, and a 2-celled stalk; (ii) capitate trichomes with a unicellular head, a neck cell, and a 3-celled stalk (figs 1e-f); these were mostly located on the adaxial and abaxial surfaces of the upper lip. Only few of them were found on generative organs. Their surface was smooth. In mature hairs, the secretions were accumulated in the subcuticular space (fig. 1g) ; (iii) -trichomes with a 2-celled head, a neck cell, and a unicellular stalk. Their surface was smooth ( fig. 1h ). An intensely stained protoplast was observed in the head, especially in mature trichomes ( fig. 1i ). During secretion, glandular cells undergoing vacuolation were observed. In the postsecretory stage, the largest part of secretory cells was filled with huge vacuoles (fig. 1j ). This type of trichomes was irregularly distributed and represented by only few on the surface of the stem. They occurred abundantly on the abaxial surface of the leaf, i.e. they were located on each tooth. On the adaxial side of the leaf, they were found only in the epidermis above the vascular bundles. Furthermore, capitate trichomes with a 3-4-celled head were also observed, but sporadically (figs 1k, l).
II -clavate trichomes; two kinds of trichomes were found within this group: (i) unicellular clavate trichomes; they possessed a cell wall covered by a thick cuticle with sculpture consisting of short striae (figs 2a-e); (ii) 2-3-celled clavate trichomes. Their cell wall was thinner and chromoplasts were visible (figs 2f, g). Both types were located near the yellow spot on the lower lip of the corolla.
III -ribbon-like trichomes with wall thickening. The hairs were white, long, and twisted. They were made up of several cells with irregular thickenings. Moreover, wrinkled striae were observed on their surface. They occurred on the anthers and the upper part of the adaxial surface of the upper corolla lip (figs 2h-k).
IV -papillae -the conical structures with apically convergent striae covered the adaxial surface of the lower corolla lip (figs 2l, m) .
Histochemical analyses. Using fluorescence microscopy and histochemical tests, various substances such as lipids, phenolic compounds, terpenes containing steroids, terpenoids, sesquiterpenes, tannins, and flavonoids were determined only in the capitate trichomes (tab. 1). The long-stalked capitate trichomes with a unicellular head stored hyaline or yellow, slightly viscous secretion whereas the secretory product accumulated in the head cells of the short-stalked trichomes with a bicellular head was yellowish or brownish (figs 3a, b). The positive reaction with Neutral Red observed under a light microscope confirmed the presence of essential oils (figs 3c, d). After the Sudan III, Sudan IV (figs 3e, f), and Sudan Red ( fig. 3g) treatments, orange or reddish stained total lipids were observed to be scattered in the neck and head cells of the capitate trichomes. The presence of lipids was also confirmed by the reaction with Neutral Red, in which all types of the trichomes changed into yellow under the UV light. The blue colour appearing only in the capitate trichomes upon the application of Nile Blue indicated the presence of acid lipids ( fig. 3h ). Tannins were present in the head cells of the capitate trichomes located on the flowers and in the head, neck, and stalk cells in the trichomes present on the leaves and calyces, which was confirmed by the brown colour when stained with potassium dichromate. The strongest reaction was observed in the bicellular head of the short trichomes located on Only the test with Ruthenium Red applied to detect polysaccharides gave negative results. Chemical study. The study showed that the essential oil content in the dry herb of E. stricta was on average 0.257%. The chromatographic analysis revealed the presence of 28 compounds, including 24 identified ones (tab. 2). The main substances characterised were as follows: octen-3-ol (71.80%), 1,2-benzenedicarboxylic acid, butyl cyclohexyl ester (3.99%), linalool (3.68%), phytol acetate (2.84%), cembrene (2.79%), benzene 1,2,3-trimethyl (2.53%), and benzene acetaldehyde (1.99%). The identified compounds constituted 99.96% of all the components of the examined oil. n.i. -non-identified, RT -retention time, RRI -relative retention index, tr -trace (<0.05%)
DISCUSSION
In our previous study, we found capitate trichomes with a 1-and 2-celled head on the leaves and stems of Euphrasia stricta [Weryszko-Chmielewska et al. 2010, Haratym and Weryszko-Chmielewska 2013] . In this paper, besides these types, we describe trichomes with a 3-or 4-celled head, which occur in the analysed material relatively infrequently. Using the histochemical assays, we have shown that all the types of capitates trichomes contain the same secondary metabolites, despite their morphological differences.
Histochemical studies of the Euphrasia stricta trichomes have shown the presence of flavonoids, lipids, phenolic compounds, sesquiterpenes, tannins, terpenes, and terpenoids. In the drug eyebright, the lipophilic nature of the secretion was demonstrated by positive reactions with Sudan III, Sudan IV, Sudan Red, Nile Blue, and Neutral Red under UV.
Analyses performed by Miladinovic et al. [2014] and Novy et al. [2015] revealed that eyebright herb contained fatty acids (mostly palmitic acid) and their derivatives as main constituents. Similar results of trichome histochemistry in Calceolaria adscendens (Scrophulariaceae) [Sacchetti et al. 1999] or Orobanche ramose (Orobanchaceae) [Sacchetti et al. 2003 ] have been reported.
Terpenoid secretion was confirmed by the remarkable yellow colour obtained with vanillin-HCl under UV. The reaction with antimony trichloride revealed the presence of terpenes containing steroids. A positive result was obtained after using concentrated sulphuric acid, which helped identify sesquiterpenes among the secreted products. In addition, our phytochemical analysis confirmed that substances such as pinene, linalool, terpineol, pulegone, caryphyllene, chamazulene, and cembrene, which represent various types of terpenes, were found in the essential oil in the eyebright. The data reported by other authors also showed that these substances are volatile constituents in Euphrasia stricta and E. rostkoviana [Miladinovic et al. 2014 , Novy et al. 2015 . The terpene compounds are responsible for the antioxidant, antiviral, antibacterial, and antifungal properties [Thoppil and Bishayee 2011] .
Some literature data have shown that various types of trichomes on a plant can produce different secondary metabolites. As indicated by Combrinck et al. [2007] , large peltate trichomes and small capitate trichomes in Lippia scaberrima (Verbenaceae) contained terpenoids and phenolic compounds, respectively, as the major components. In two Calceolaria (Scrophulariaceae) species, Sacchetti et al. [1999] found a relationship between the type of the glandular trichomes and the class of terpene produced. The presence of a 2-celled secretory head in C. adscendens was associated with production of diterpenes, whereas 8-celled head secretory trichomes in C. volckmanni produced triterpenes.
In our study, we observed that the numerous trichomes with a 2-celled head in the E. stricta leaf epidermis function asynchronously, since besides trichomes containing protoplasts in their heads, there were trichomes with light heads without cellular content. These trichomes had probably released their secretion and the protoplasts had been degraded. In the trichomes with 2-celled heads with coloured cellular content, we observed different colours from yellow to dark orange, which may have been associated with the differences in the amount of each component. Combrinck et al. [2007] found that the numerous glandular trichomes on mature Lippia scaberrima leaves exhibited different shades of orange and yellow, which may imply different contents of flavones and flavonols. Flavonoids usually occur as yellow stains dissolved in the cell sap in flowers and leaves, or less frequently in other plant organs. These compounds are regarded to be responsible for the therapeutic properties of most plant raw materials [Kohlmünzer 2007 ]. Many flavones and a few flavonols have been detected in Herba Euphrasiae. In our research, the production of flavonoids by E. stricta, reported by Matławska et al. [1998] , has thus been confirmed by the histochemical reactions with aluminium chloride and magnesium acetate.
We observed substantial content of phenolic compounds in the head cells of some trichomes. It was confirmed by the ferric trichloride test, which is based on the formation of intensively coloured precipitate from the reaction of iron with orthodihydroxyphenols [Johansen 1940 ]. In the heads of other trichomes, the compounds usually formed small dark spots, which may suggest that the trichomes were undergoing different stages of metabolic transformations. As shown in literature, some phenol carboxylic acids are precursors of various complexes of secondary metabolites, e.g. flavonoids [Dewick 1977 , Combrinck et al. 2007 . Moreover, the potassium dichromate test [Gabe 1968 ] revealed the presence of tannins. These substances were found in chlorophorm and methanol extracts of the eyebright by Dimitrova et al. [2013] . They are responsible for antioxidant activity [Blazics and Kéry 2007] .
SEM images of trichomes of many plant species show secretion on their surface, which confirms their secretory activity. Our previous [Weryszko- Chmielewska et al. 2010, Haratym and Weryszko-Chmielewska 2013] and present observations allow a conclusion that both the capitate trichomes on the E. stricta leaves, stems, and flowers and the clavate trichomes on the flowers have a secretory ability. Similarly, other authors observed secretion remnants on the surface of various trichomes: Sacchetti et al. [1999] in Calceolaria adscendens, Weryszko-Chmielewska and Chwil [2006] in Asphodelus albus, and Weryszko-Chmielewska and Czernecki [2005] in Kalanchoë.
The content of essential oil in the drug eyebright was 0.257%, whereas the level of the oil content in Euphrasia stricta reported by Miladinovic et al. [2014] and E. rostkoviana analysed by Novy et al. [2015] reached 0.02%. The GC-MS analysis revealed 28 constituents representing 99.96% of total oil content. Miladinovic et al. [2014] indicated the presence of 47 compounds. In turn, Novy et al. [2015] identified 70 different compounds in the essential oil from E. rostkoviana. The biosynthesis of essential oils depends on a number of factors such as the cultivation method, fertilization, irrigation, weather conditions, type of soil, or date of harvest. All of them can significantly modify the content and the composition of essential oil [Dubey et al. 2003 , Woronuk et al. 2011 , Nurzyńska-Wierdak 2013 . This can be a cause of the differences between the results obtained by various scientists.
CONCLUSIONS
Three types of capitate on the surface of vegetative organs and the aforementioned plus two types of clavate glandular trichomes on the surface of generative organs were present.
The histochemical tests which indicated the presence of various compounds such as lipids, phenolic compounds, terpenes containing steroids, terpenoids, sesquiterpenes, tannins, and flavonoids revealed heterogeneous nature of the drug eyebright essential oil.
The analysis of the essential oil showed that its content in the dry herb of E. stricta was on average 0.257%. The presence of 28 compounds was determined by using gas chromatography with mass spectrometry.
